Growth hormone receptor-deficient (GHRKO) mice are long-lived and have reduced insulin-like growth factor (IGF)-1 and insulin levels and enhanced insulin sensitivity thus resembling the phenotype of animals subjected to calorie restriction (CR). In contrast to its effects in normal mice, CR does not improve insulin sensitivity or increase longevity in GHRKO males. In an attempt to identify mechanisms underlying this differential response to CR, effects of CR on the expression of insulin-related genes were compared in GHRKO and normal mice. In addition to changes detected in both genotypes, and responses unique to GHRKO mice, the levels of Akt2 and peroxisome proliferator-activated receptor-c coactivator-1a (PGC1a) were increased and levels of phosphorylated c-Jun N-terminal kinase (JNK)1 were reduced in response to CR only in normal mice. These changes may be related to mechanisms of improving insulin sensitivity and life expectancy.
D

ISRUPTION of somatotropic (growth hormone [GH]
and insulin-like growth factor [IGF]-1) signaling in mice by spontaneous or experimentally induced mutations leads to extended longevity. Mice with targeted disruption of the Ghr/GH bp gene (1) are GH receptor deficient, GH resistant, and remarkably long-lived (2) . Phenotypic characteristics of these animals include reduced body size, reduced plasma IGF-1 and insulin levels, and enhanced sensitivity to insulin (1, 3) , thus resembling the characteristics of genetically normal mice subjected to caloric restriction (CR). However, microarray and real-time reverse transcription-polymerase chain reaction (RT-PCR) analysis of hepatic gene expression suggests that GHRKO mice are not CR mimetics (4) (5) (6) , and it is unclear whether CR and GH receptor deletion affect longevity by similar mechanisms. To address this issue, we are comparing the effects of CR in GHRKO animals to its effects in normal mice. We have recently shown that, in contrast to improved insulin sensitivity and increased life span in normal animals subjected to CR, an identical CR regimen failed to enhance insulin sensitivity or increase average or mean life span of GHRKO mice and caused a small (but statistically significant) increase in the maximal life span only in females (7) . We have previously shown that CR exerts differential effects on the expression of insulin-related genes in the liver of normal and GHRKO mice. While some of the effects of CR on the expression of the examined genes were detected in both genotypes, others were unique to either normal or GHRKO animals. The objective of the present study was to compare the effects of CR on the expression of insulin-related genes in the skeletal muscle of GHRKO and normal animals.
Skeletal muscle is a major target of insulin action, and insulin-stimulated glucose uptake by myocytes represents an important mechanism of the suppression of plasma glucose levels by insulin. We have previously reported that acute in vivo responses to insulin in the liver and the muscle are differentially affected by deficiency of anterior pituitary hormones, including GH, in another long-lived mouse mutant (8, 9) , and we have preliminary evidence that similar differences exist also in GHRKO mice (10) We have proposed that enhanced insulin sensitivity is an important mechanism of life extension in GH-resistant and GH-deficient mice (7); therefore, we were particularly interested in identifying those alterations in the expression of insulin-related genes or in the levels of their products which were induced by CR in normal animals (in which CR was shown to improve insulin sensitivity and extend longevity) but not in GHRKO mice (in which insulin sensitivity and longevity were not affected by CR). Results of analyses of expression of insulin-related and IGF-1-related genes in hepatic tissue obtained from the same animals were reported previously (5, 6, 11) .
MATERIALS AND METHODS
Animals and CR
GHRKO mice (1) were derived from animals provided by Dr. J. Kopchick (Ohio University). Animals were produced by mating knockout (À/À) males with heterozygous (þ/À) female carriers of the disrupted GHR/GHBP gene, and males were used for the current study. Animals were housed on a 12-h light/dark cycle at 22 6 28C and maintained as previously described (11) . Starting at 2 months of age, normal and GHRKO mice were fed (Lab Diet Formula 5008; Ralston Purina Corp., St. Louis, MO) either ad libitum (AL) or submitted to CR in which they received (at 6:00 PM) daily rations corresponding to 70% of the food consumed by their AL counterparts (eight animals per phenotype per diet) as previously described (4) . All animal procedures were approved by the Laboratory Animal Care and Use Committee at the Southern Illinois University School of Medicine.
At 21 months of age, the (nonfasted) animals were anesthetized with isoflurane, bled by cardiac puncture, and decapitated. Hind-limb skeletal muscles were rapidly removed, quickly frozen on dry ice, and stored at À808C until processed.
Total RNA Extraction and Complementary DNA Transcription
Muscle samples were pulverized under liquid nitrogen by using a mortar and pestle. Total RNA was extracted from the skeletal muscle by the guanidinium thiocyanate-phenolchloroform method (12) . The RNA concentration was measured spectrophotometrically at 260 nm. One microgram of total RNA was subjected to electrophoresis on a 1.5% agarose gel to confirm RNA integrity. Potentially contaminating residual genomic DNA was eliminated using DNase I (Promega, Madison, WI). The complementary DNA (cDNA) was made using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) as instructed by the manufacturer.
Real-Time RT-PCR
Real-time RT-PCR amplification was carried out with the iQ SYBR Green PCR Supermix (Bio-Rad) using the SmartCycler (Cepheid, Sunnyvale, CA). For most of the examined genes, the primers used for RT-PCR were reported previously (11) . Protein kinase C (PKC)f primers were: forward: aggtgcatcaactgcaagct, reverse: gttcttgccatctactggag; and for Foxo3, forward: tcaaggataagggcgacagca, reverse: tgttgctgttgtccatggag.
The real-time RT-PCR reaction program included a 958C denaturation step for 2 minutes followed by 45 cycles of 958C denaturation for 15 seconds, 628C annealing for 30 seconds, and 728C extension for 30 seconds. Detection of fluorescent product was carried out at the end of the 728C extension period. Melting curve and agarose gel electrophoresis were used to confirm PCR products. Data were analyzed and quantified using Cepheid SmartCycler software.
The reference gene used for normalization was b-2-microglobulin (B2m). The validity of this gene as a reference was checked by comparing its absolute expression in samples from different groups, provided that the same amount of tissue and then messenger RNA (mRNA) was used for cDNA synthesis. Relative mRNA expression was calculated using the threshold cycle numbers (CT), that is, 2 ÀÁÁCT and was expressed as relative expression to that in normal-AL mice.
Protein Extraction and Immunoblotting
Approximately 100 mg of powdered muscle samples were homogenized in 500 lL of ice-cold homogenizing buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton-100), with protease inhibitors and phosphatase inhibitors cocktails (Sigma-Aldrich, St. Louis, MO) and were spun at 20,000 g for 45 minutes. The supernatant was removed and stored at À808C. Protein concentrations were determined using the BCA assay (Pierce, Rockford, IL) according to the manufacturer's instructions.
Proteins were separated and blotted as previously described (11) . Separated proteins were electroblotted onto nitrocellulose and blocked for 1 hour at room temperature with Tris-buffered saline containing 3% nonfat dry milk or 1% bovine serum albumin. The membranes were then incubated with antiserum against Akt2, adenosine monophosphate-activated protein kinase (AMPK)-a, phospho-AMPK-a Thr172, p-PKCk/f, or Foxo1 (Cell Signaling Technology, Beverly, MA); PKCf (Santa Cruz Biotechnology, Santa Cruz, CA); Foxo3 (Upstate Biotechnology, Lake Placid, NY); or peroxisome proliferator-activated receptor-c coactivator-1a (PGC-1a; Chemicon, Temecula, CA) overnight. Antigen-antibody complexes were identified using horseradish peroxidase-tagged goat antirabbit and goat antimouse antibodies (Sigma-Aldrich) and were exposed to the enhanced chemiluminescence detection system (Amersham Biosciences, U.K.) for 1 minute. Photos of blots were taken with a CCD camera (Hitachi Genetic Systems, Alameda, CA) and quantified for statistical analysis using GeneTools software (SynGene, Cambridge, U. K.). A minimum of 6 animals per group was analyzed, and Western blots were replicated at least twice.
Enzyme-Linked Immunosorbent Assay
Phosphorylated Akt was analyzed using an enzymelinked immunosorbent assay (ELISA) kit from BioSource International (Camarillo, CA) according to the manufacturer's protocol. One unit of standard is defined as the amount of p-Akt (S473) derived from 100 pg of Akt, which was phosphorylated by mitogen-activated protein kinase activated protein (MAPKAP2) and phosphoinositidedependent kinase (PDK)-1.
Statistical Analysis
Data are expressed as means 6 standard error. The statistical evaluation was performed using two-factor analysis of variance (ANOVA; phenotype and diet) followed by Fisher's protected least significant differences test as a post hoc test. Student's t test was also used to evaluate the effect of diet within phenotypes and phenotype within diet. A value of p , .05 was considered significant. All statistical analyses were performed using StatView 5.0 software (SAS, Cary, NC).
RESULTS
CR But Not GHRKO Increased AMPK Phosphorylation
CR resulted in increased AMPK phosphorylation (p-AMPK) and, hence, activation ( p , .01). Normal-CR animals exhibited increased p-AMPK ( p , .01) as compared to normal-AL animals. GHR knockout (KO-CR) animals also exhibited increased p-AMPK levels as compared to GHR knockout ad libitum (KO-AL) ( p , .04) ( Figure 1 ). P-AMPK levels were not altered by disruption of the GHR gene.
Active Akt Is Reduced Only in KO-CR Mice
Given the importance of the Akt2 (PKBb) isoform of Akt in the metabolic effects of insulin, we analyzed its mRNA and corresponding protein levels as well as total Akt phosphorylation. Akt2 mRNA expression was reduced by CR only in KO animals ( p , .001 KO-CR vs any other group) (Figure 2A ). In contrast, total Akt2 protein levels were significantly elevated in normal-CR mice and in KO animals regardless of the diet ( p .04, normal-AL vs any other group) ( Figure 2B ). Analysis of total Akt phosphorylation (Ser473) (p-Akt) using ELISA revealed that CR reduced pAkt only in KO mice p , .05,) whereas levels of pAkt in KO-AL mice did not differ from those measured in normal-AL mice ( Figure 2C ).
PKCk/f Activation Is Reduced in GHRKO Mice
We also analyzed the message and protein expression of PKCf and the phosphorylation of PKCk/f (p-PKCk/f). RT-PCR analysis of PKCf expression revealed that KO-CR animals had lower mRNA levels as compared to any other group ( p .01) ( Figure 3A) . Total PKCf protein levels did not differ between groups (representative blots in Figure   3B ). The level of p-PKCk/f was significantly reduced in GHRKO versus normal mice ( p , .01) with no diet effects ( Figure 3B ).
Differential Modulation of c-Jun N-Terminal Kinase
Analysis of the active form of c-Jun N-terminal kinase (JNK) MAPK (p-JNK) revealed that JNK1 and JNK2 are regulated differently. JNK1 activation was reduced in KO-AL mice as compared to normal-AL mice and was reduced by CR only in normal animals ( p , .003) ( Figure 4A ). In contrast, p-JNK2 was not altered by phenotype, but was reduced by CR in both normal and KO mice ( p , .01, 
Increased PGC-1a by CR
The gene expression of PGC-1a was reduced in KO-CR mice only when compared to KO-AL animals ( p , .02), with no differences between other groups ( Figure 5A ). However, the protein level of PGC-1a was elevated in normal-CR ( p , .004) mice as compared to normal-AL mice. A similar trend in KO animals was not statistically significant ( p ¼ .1) ( Figure 5B ).
Forkhead Transcription Factors Are Reduced in GHRKO Mice
Foxo1 mRNA expression was not altered in KO-AL mice in comparison to normal-AL mice, but was reduced by CR in both phenotypes ( p .005). Levels of Foxo1 mRNA measured in KO-CR mice were significantly lower than those in the remaining groups ( p .01) ( Figure 6A ). Twoway ANOVA of Foxo1 protein level revealed that both diet ( p , .05) and GHRKO ( p , .003) were effective in reducing Foxo1 protein ( Figure 6B ). Analysis by t test showed that the effect of CR within phenotypes was not statistically significant, whereas KO animals, regardless of diet, exhibited significantly lower Foxo1 protein levels than those in measured in normal-AL mice ( p , .05) ( Figure 6B ).
Similar to that of Foxo1, Foxo3 gene expression was not altered in KO-AL as compared to normal-AL mice but was reduced by CR in both phenotypes. CR resulted in a 44% reduction in Foxo3 mRNA expression in normal mice ( p , .002) and a 90% reduction in GHRKO ( p , .0002) mice ( Figure 6C) . At the protein level, two-way ANOVA showed effects of both diet ( p , .05) and phenotype ( p , .0001) in reducing Foxo3 protein level ( Figure 6D ). However, CR did not significantly affect Foxo3 protein levels in either phenotype. Regardless of the diet, GHRKO mice had lower Foxo3 protein expression than did normal animals ( p .005) ( Figure 6D ).
DISCUSSION
We previously reported that, in comparison to normal mice fed AL, both CR and GHRKO animals show signs of increased hepatic gluconeogenesis and lipid oxidation. These signs were manifested by increased levels of proteins that promote these processes (including Foxo1, PGC-1a, p38, and CREB) and by decreased Akt activation in the liver associated with reduced circulating insulin and IGF-1 levels (11). In the present study, we used skeletal muscle tissue from the same animals to further dissect the overlapping as well as distinct mechanisms of the action of CR and reduced IGF-1/insulin signaling in long-lived rodents.
AMPK is known to play a major role in energy regulation. It is activated during cellular stresses when the AMP/adenosine triphosphate (ATP) ratio increases to favor catabolic pathways that generate ATP and inhibit anabolic pathways that consume ATP (13) . AMPK was reported to increase glucose uptake and fatty acid oxidation in muscle while repressing fatty acid and protein synthesis (13) . We recently reported that hepatic AMPK phosphorylation was increased in GHRKO animals with no effects of CR (11) . However, in the skeletal muscle examined in the present study, both normal and GHRKO mice showed increased AMPK activation by CR. This finding is in agreement with the reduction in glucose level by CR in these animals, but was not expected from measurement of plasma adiponectin levels, which were elevated only in GHRKO mice (11) ( Table 1 ). This result suggests differential activation of this protein in liver and skeletal muscle. Adiponectin was previously shown to activate AMPK in liver and muscle and to induce fatty acid oxidation, glucose uptake, and lactate production in myocytes (14) . However, while both globular and full-length adiponectin were able to activate AMPK in muscle, only full-length adiponectin activated AMPK in liver (14) . Our results differ from those in a recent report by Gonzalez and colleagues (15) in which CR did not affect AMPK activity in the skeletal muscle of 5-month-old mice. This discrepancy could be explained by differences in the genetic background and/or the age of the mice (21 vs 5 months), although the same research group also reported no effects of aging on AMPK activation (16) . However, CR could be more effective in activating AMPK at an older age.
Akt/PKB, a serine/threonine kinase, is a critical intermediate in phosphoinositide 3-kinase's (PI3K) metabolic and antiapoptotic effects (17) . Studies on the nematode Caenorhabditis elegans have revealed that reduction-offunction mutations in Akt1 and Akt2 extend the longevity of the nematode in a Daf-16 (a homolog of the mammalian Foxo transcription factors)-dependent manner (18) . Moreover, Akt was recently reported to negatively regulate the life span of primary cultured human endothelial cells (19) . Despite reduced insulin and IGF-1 in normal-CR and KO-AL animals (11), active Akt in the muscle was not significantly altered, indicating a possible mechanism of compensation for this reduction and hence increased insulin sensitivity. KO-CR mice had very low glucose levels (11) and exhibited reduced Akt activation, which would presumably conserve glucose for other organs. The present results also differed from our previous finding in livers of the same animals [active Akt was lower in GHRKO than in normal mice and was reduced by CR in normal but not in GHRKO mice (11)]; those findings implied tissue specific activity of this kinase and differential modulation by CR and GHRKO in liver and muscle. McCurdy and colleagues (20) reported that insulin-stimulated Akt2 but not Akt1 phosphorylation was increased after brief CR, and was accompanied by a reduction in total Akt1 protein expression with no effect on total Akt2. In the present study, total Akt2 protein was increased by CR in normal mice and in GHRKO Adapted with permission from (11) .
as compared to normal-AL animals with no changes in Akt1 protein abundance. These findings imply specific importance of Akt2 in mediating insulin action in skeletal muscle and are consistent with results of studies on Akt isoforms KO mice. Whereas Akt1-null mice have normal glucose metabolism but are growth retarded (21), Akt2 knockout mice have impaired glucose tolerance and are insulin resistant (22) . CR and GH resistance in GHRKO animals appears to exert qualitatively similar effects on Akt2 expression. It is of particular interest that, in the present study, CR significantly increased Akt2 protein levels in normal animals in which life span was extended but not in GHRKO animals in which longevity was not altered by this intervention. Like Akt, atypical PKC isoforms k and f are downstream of PI3K and are required for maximal insulin-induced glucose transport. Obesity and/or type 2 diabetes mellitus were reported to be associated with reduced insulinstimulated PKCk/f activation in skeletal muscle (23) (24) (25) (26) . Moreover, thiazolidinediones (TZDs), which are important insulin-sensitizing agents, have been found to improve this defect in atypical PKC activation (reviewed in 27). GHRKO animals have increased insulin sensitivity; however, they manifest glucose intolerance primarily due to decreased glucose-stimulated insulin secretion (3). Although hepatic PKCk/f phosphorylation was not affected by CR or in GHRKO mice (Al-Regaiey KA, Masternak MM, Bartke A, unpublished observations, 2004), GHRKO mice exhibited reduced phosphorylated PKCk/f in the skeletal muscle which could further contribute to poor glucose disposal in these animals in response to glucose challenge.
JNK is a member of the MAPKs and is activated in response to various stress signals, including cytokines and oxidative stress (28) . This kinase was reported to promote insulin resistance through the phosphorylation of insulin receptor substrate (IRS-1) at Ser307, which inhibits coupling of IRS-1 to the insulin receptor (29, 30) . Further studies revealed that JNK mediates a negative feedback pathway for insulin action (31) . Moreover, it was shown that JNK is abnormally activated in obesity and that obesity and insulin resistance are decreased in mice homozygous for a targeted mutation in the Jnk1 but not Jnk2 gene (32) . In the present study, active JNK1 was significantly reduced in normal-CR, GHRKO-AL, and GHRKO-CR mice, suggesting a possible involvement in the enhancement of insulin sensitivity by the absence of GH signaling in GHRKO mice and by the action of CR in normal animals. The suggested involvement of reduced JNK1 activation in mediating the effects of CR is strongly supported by our recent observations that CR improved insulin sensitivity and increased longevity in normal mice in which p-JNK1 levels were suppressed but not in GHRKO mice in which they were not affected (7). JNK2 activation, however, was only reduced by CR with no genotype effect. JNK was reported to be activated by high glucose (33, 34) . Reduced JNK2 in CR animals could be associated with reduced glucose and could provide additional advantage for these animals in terms of insulin sensitivity.
PGC-1a is a transcription coactivator that is involved in multiple biological responses related to energy homeostasis, thermal regulation and mitochondrial biogenesis, glucose metabolism, and muscle fiber type differentiation (35, 36) . CR resulted in increased PGC-1a protein level in the skeletal muscle of normal mice, whereas a trend for a similar increase in GHRKO mice was not significant. This result differs from PGC-1a expression in the livers of the animals in which additive effects of CR and GHRKO were observed (11) . It was recently reported that cold-induced PGC-1a activation increases insulin-stimulated glucose uptake, glucose transporter 4 (GLUT4) expression, and membrane localization in an AMPK-dependent manner (37) . Increased PGC-1a protein level and AMPK activation by CR is a likely mechanism to increase insulin sensitivity and reduce insulin demand. The importance of skeletal muscle PGC-1a levels in the control of insulin sensitivity is consistent with the observation that, in the present study, PGC-1a protein was significantly increased only in normal animals. Normal, but not GHRKO mice respond to CR by increased ability of injected insulin to suppress circulating glucose levels (7).
Foxo1 and Foxo3 proteins were reduced in GHRKO animals. This finding differs from our findings in the liver of the same animals in which Foxo1 protein was elevated (11) . The function of Foxo proteins in skeletal muscle is not well defined. Mice that overexpress Foxo1 in skeletal muscle have reduced muscle mass and type 1 fibers and exhibit impaired glycemic control, implying negative impact of Foxo1 on muscle mass and glucose metabolism (38) . Moreover, IGF-1, through the PI3K/Akt pathway, inhibits muscle atrophy by suppressing Foxo transcription factors, which leads to the suppression of muscle ubiquitin ligases MAFbx and MuRF1 (39, 40) . Therefore, decreased Foxo proteins in the skeletal muscle of GHRKO mice may represent a protective mechanism against muscle atrophy and wasting in the setting of low insulin and IGF-1 levels in these animals. Higher levels of Foxo proteins in normal-AL as compared to GHRKO animals could be related to the agerelated decline in their body weight and could possibly mediate sarcopenia. Moreover, greater abundance of Foxo proteins in normal animals could be attributed to differences in the rate of biological aging between normal and GHRKO mice. Pyruvate dehydrogenase kinase PDK-4 phosphorylates and deactivates pyruvate dehydrogenase, which results in inhibition of glucose oxidation and insulin resistance (41) . Foxo transcription factors were found to stimulate PDK-4 gene expression (42) and insulin inhibits PDK-4 by inhibiting Foxo proteins (43) . Therefore, reduced Foxo proteins in the muscle of GHRKO mice might be another compensatory mechanism to increase glucose uptake and increase insulin sensitivity.
Summary
We have examined the activity of multiple molecules involved in glucose homeostasis in the skeletal muscle of normal and GH-resistant long-lived GHRKO mice with and without CR. The activity of these molecules is differentially regulated in liver and skeletal muscle due possibly to their different functions in different tissues. In the skeletal muscle, PKCk/f and JNK1 activation were reduced in GHRKO as compared to normal mice. CR was effective in increasing AMPK activation and reducing JNK2 activation as well as Foxo1 and Foxo3 mRNA levels in both normal and GHRKO mice. Suppression of Akt2, PKC k/f, and PGC-1a messages and of pAkt protein in response to CR were detected only in GHRKO animals, and thus are apparently not involved in the regulation of whole-animal insulin sensitivity or longevity or, less likely, interfere with the beneficial effects of CR. Increases in the Akt2 and PGC1a proteins and a reduction in pJNK1 protein in response to CR occurred only in normal animals; this finding could be related to the mechanisms of enhanced insulin sensitivity and extension of longevity. Further studies are needed to test this suggestion. Collectively, the present results support the conclusion from previous studies (4,11) that CR and reduced activity of the somatotropic axis extend longevity by overlapping but distinct mechanisms.
